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Abstract

Anoctaminl (ANO1) encodes a Ca?*-activated chloride (CI7) channel (CaCC) in variety tissues of
many species. Whether ANO1 expresses and functions as a CaCC in cardiomyocytes remain
unknown. The objective of this study is to characterize the molecular and functional expression of
ANOL in cardiac myocytes and the role of ANO1-encoded CaCCs in ischemia-induced
arrhythmias in the heart. Quantitative real-time RT-PCR, immunofluorescence staining assays,
and immunohistochemistry identified the molecular expression, location, and distribution of
ANOL1 in mouse ventricular myocytes (mVVMs). Patch-clamp recordings combined with
pharmacological analyses found that ANO1 was responsible for a Ca2*-activated CI~ current
(Ic1.ca) in cardiomyocytes. Myocardial ischemia led to a significant increase in the current density
of I¢y.ca, Which was inhibited by a specific ANOL inhibitor, T16Ajnn-A0L, and an antibody
targeting at the pore area of ANO1. Moreover, cardiomyocytes isolated from mice with ischemia-
induced arrhythmias had an accelerated early phase 1 repolarization of action potentials (APs) and
a deeper “spike and dome” compared to control cardiomyocytes from non-ischemia mice.
Application of the antibody targeting at ANO1 pore prevented the ischemia-induced early phase 1
repolarization acceleration and caused a much shallower “spike and dome”. We conclude that
ANOL1 encodes CaCC and plays a significant role in the phase 1 repolarization of APs in mVMs.
The ischemia-induced increase in ANO1 expression may be responsible for the increased density
of I¢y ca in the ischemic heart and may contribute, at least in part, to ischemia-induced
arrhythmias.
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A calcium (Ca2*)-sensitive voltage-gated chloride (CI7) current (¢ ca) With distinct
biophysical properties to classic Ca?*-activated CI~ channels (CaCCs) has been described in
atrial and ventricular cardiomyocytes of several species (Duan et al., 2005; Duan, 2009),
including swine (Li et al., 2003, 2004), canine (Tseng and Hoffman, 1989; Yue et al., 1997),
rabbit (Zygmunt and Gibbons, 1991, 1992; Sipido et al., 1993; Wang et al., 1995), mouse
(Xu et al., 2002), and human (Wang et al., 1995). It was reported that CI~ channel blockers
niflumic acid and 4,4’-diisothiocyanostilbene-2,2’-disulfonic acid (DIDS) (Li et al., 2003),
or replacement of external CI~ with methanesulfonate (Wang et al., 1995) resulted in an
increase in APD. It was also suggested that Ic| c; may likely contribute to the rate- and
rhythm-dependent repolarization of the cardiac action potential (AP) depending on
intracellular CaZ* activities (Zygmunt, 1994). In normal heart, however, l¢| c, may play an
insignificant role in regulation of the diastolic membrane potential and action potential
duration (APD) since the resting intracellular Ca* concentration ([Ca2*];) is low under
physiological conditions. But, when [Ca2*]; is substantially increased above the
physiological resting level, ¢ ca may carry a significant amount of transient outward
current. It was proposed that under Ca2* overload conditions Ic| c; may contribute to the
arrhythmogenic transient inward current (IT) and cause delayed after depolarization (DAD).
However, it remains unknown about the molecular identity and the exact physiological and
pathophysiological role of CaCCs in the heart (Duan et al., 2005; Duan, 2009).

Recently, two members of the anoctamin (ANO) transmembrane protein family, ANO1 and
ANO?2, were determined to function as CaCCs in mouse over-expressed in Axolotl oocytes
and HEK293 cells (Schroeder et al., 2008). Mouse ANO1 (mANOL) is broadly expressed in
tissues known to contain native CaCCs. The human ANO1 mRNA is present in multiple
human tissues including heart, lung, placenta, liver, skeletal muscle, and small intestine
(Huang et al., 2006). The ANO1 (or TMEM16A)-encoded CaCC may participate in the
control of cellular excitability, and regulation of smooth muscle contraction, slow wave
activity in the gut, and fluid and salt transport by epithelia (Caputo et al., 2008; Schroeder et
al., 2008; Yang et al., 2008; Duran and Hartzell, 2011). In this study, we investigated
whether ANO1 underlies I¢c|.ca in mouse ventricular myocytes (mVVMs) and whether it plays
a functional role in ischemia-induced alteration of APD and arrhythmias in the heart.

Materials and Methods

Animals

All BALB/c mice (6-8 week, male, 20-25 g) were purchased from Experimental Animal
Center of Harbin Medical University (HMU). This investigation conforms to the Guide for
the Care and Use of Laboratory Animals (US NIH publication No. 85-23, revised 1996) and
was in accordance with the institutional guidelines for animal care and use approved by the
HMU Animal Supervision Committee.

Myocardial ischemia model

Mice were anesthetized with isoflurane (1-1.5% in medical oxygen) and intubated and
mechanically ventilated. The chest was opened via an intercostals thoracotomy and ligation
of the left anterior descending coronary arteries (LAD) was performed as previously
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described (Xiang et al., 2011). The chest was closed and mouse was removed from the
ventilator followed by recovery on a warm surface. Sham-operated animals received all
procedures described above except actual ligation of the LAD. Electrocardiogram (ECG)
recordings and Evan’s blue staining (data not shown) were used to confirm establishment of
myocardial ischemia and the ischemia-induced arrhythmias) (Bozeat et al., 2011).

Ventricular myocytes isolation and hypoxic exposure

Ventricular myocytes were freshly isolated from the left ventricle (LV) of the mice as
previously described (Xu et al., 2002). Langendorff perfusion with Ca2*-free Tyrode
solution (mmol/L: 135 NaCl, 4.0 KClI, 0.33 NaH,POy, 1.0 MgCl, - 6H,0, 10 HEPES, 10
glucose, and 10 BDM, pH 7.2 with NaOH) for 5 min, followed by 10 min perfusion with 0.3
mg/ml of collagenase B (Sigma, St. Louis, MO) and 0.6% bovine serum albumin (Promega,
Mannheim, Germany). LV was separated, minced and incubated in a shaking bath for 5-10
min in collagenase-containing solutions. Cells were then harvested, washed twice, and
stored in a high-K* storage solution (mmol/L: 30 KCI, 10 KH,POQy, 70 glutamic, 0.5 MgCls,
15 tourine, 10 HEPES, 0.5 EGTA, 10 glucose, pH7.4 with KOH) at 4 °C. Only rod-shaped
ventricular myocytes showing clear cross striations were used for the following experiments.
For hypoxic exposure, acutely isolated ventricular myocytes were placed in a hypoxic cell
culture chamber (Thermo Scientific Series WJ 8000), and were kept at 37 °C for 30 min
with a constant stream of water-saturated 92% N, 5% CO», and 3% O,.

Patch-clamp recordings

The whole-cell patch-clamp configuration was used for AP and whole-cell current
recordings as previously described (Huang et al., 2010) at room temperature (22-24 °C),
using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) and data were
filtered at 1 kHz and sampled at 5 kHz. Whole-cell current was elicited from a holding
potential of —50 mV to voltage steps between —50 and +60 mV for 200 ms. Borosilicate
glass electrodes had a resistance of 1-2 M when filled with pipette solution containing
(mmol/L) 110 Cesium Aspartate, 20 CsCl, 1 MgCl,, 0.02 EGTA, 0.1 GTP, 5 ATP-Mg, 10
HEPES, and 5 Nay-phosphocreatine (pH 7.4 with CsOH). Bath solution contained (mmol/L)
126 NMDG-CI, 5.4 CsCl, 1 MgCl,, 2 CaCl,, 0.33 NaH,POy4, 10 dextrose, and 10 HEPES
(pH 7.4 with CsOH). The cell capacitance was calculated by integrating the area under an
uncompensated capacitive transient during voltage-clamp experiments. The peak current
value of the whole-cell currents were normalized to cell capacitances (current density, pA/
pF). For anion selectivity experiments, the extracellular 126 mM NMDG-CI was replaced by
equimolar NMDG-gluconate or NMDG-SCN and the data were corrected for junction
potentials at the ground bridge (3 mmol/L KCI in 3% agar), which ranged from 2—-4 mV as
determined with a free-flowing KCI electrode. Reversal potentials (E;e,) for CI~ and each
test anions were used to calculate relative permeability (P,/Pc|—) according to the Goldman-
Hodgkin-Katz equation (Hille, 1986).

APs were recorded in mVVMs using current clamp mode with a train of 40 super threshold
square wave stimuli with 2-ms duration with stimulation frequencies of 5 Hz. For AP
recordings, the extracellular solution contained (mmol/L) 126 NaCl, 2 CaCly, 5.4 KCl, 0.8
MgCl,, 0.33 NaH,PQOy, 10 dextrose, and 10 HEPES (pH 7.4 with NaOH) and the pipette
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solution contained (mmol/L): 0.1 GTP, 110 potassium aspartate, 20 KCI, 1 MgCl,, 5 ATP-
Mg, 10 HEPES, 5 Nay-phosphocreatine, and 0.05 EGTA (pH 7.4 with KOH) as previously
used (Yue et al., 1997). The resting membrane potential of mVVMs was adjusted to —60 + 2
mV.

Quantitative real-time RT-PCR assays

Quantitative real-time RT-PCR (qRT-PCR) analyses were performed to examine the mMRNA
expression profiles of ANO1 and ANO2 in LV tissues. Briefly, Total mMRNA was prepared
from LV tissues by Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. The extracted total RNA was subjected to DNase treatment using the Turbo
DNA-free kit (Ambion, Applies Biosystems, Foster City, CA). RNA (0.5 pg) was reverse
transcribed using random primer and PrimeScript RT Master Mix (TAKARA, Shanghai,
China) under 37 °C for 15 min. Quantitative real-time RT-PCR (qRT-PCR) analyses were
performed in a Light Cycler (Roche Diagnostics, Germany), using the SYBR Premix Ex
TagTM (TAKARA, Shanghai, China). After activation of the Taq polymerase for 10 min at
95 °C, the amplification was followed by 20 sec at 95 °C, 20 sec at 55 °C, and 1 min at 72
°C for 50 cycles. The amplification was followed by a melting curve analysis to control of
the PCR products. Analysis of the data was performed using Light Cycler software 3.5.3.
The ratio for the amount of ANOs to GAPDH was calculated for each sample and analysis
was performed in triplicates. The primers used for gRT-PCR are listed in Table 1.

Western blot analysis

Western blot, immunohistochemistry, and immunofluorescence staining were employed to
examine the expression, distribution and localization of ANO1, using a specific anti-ANO1
antibody (Yu et al., 2010). Proteins (100 ug) extracted from isolated ventricular myocytes of
LV were first separated by SDS-PAGE on 10% polyacrylamide gels and then transferred
electrophoretically onto nitrocellulose membranes. Nonspecific binding sites were blocked
with 5% nonfat milk powder in TBS-T (20 mM Tris-HCI pH 7.5, 137 mM NaCl, 0.1%
Tween 20) for 2 h at 22-24 °C. The membranes were incubated overnight with the primary
anti-ANOL antibody against amino acid 878-960 (Yu et al., 2010) (1:1000 dilution) at 4 °C.
After washing with TBS-T (3 x 5 min), blots were incubated with the HRP-conjugated goat
anti-rabbit antibody (Invitrogen 62—-6120, 1:5000 dilution) in TBS-T containing 1% nonfat
milk powder for 60 min. After washing with TBS-T (3 x 5 min), bands were detected using
enhanced chemiluminescence (Invitrogen, WP20005) and quantified by scanning
densitometry (Bio-Rad Laboratories, Richmond, CA), the intensities of interesting band
were normalized to the intensity of the p-actin band (Santa Cruz sc-47778).

Immunohistochemistry and immunofluorescence staining

Mouse heart was fixed in with 4% paraformaldehyde for 2 hrs followed by 18% sucrose for
16 hrs, then preserved in optimum cutting temperature compound (=80°C). Sections were
cut with a Leica CM 3500 cryostat at a thickness of 4 um. Isolated LV myocyte suspensions
were placed on 12-mm glass coverslips pretreated with 10 pg/ml laminin for 30 min waiting
for the cells adhesion. Heart tissue sections and LV myocytes were then fixed and
permeablized with 4% buffered paraformaldehyde and 0.3% Triton X-100 for 20 min at 22 —
24°C. Blocking of nonspecific binding was accomplished by incubating in 1% BSA in PBS.
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ANOL1 labeling was performed by incubation with primary antibody against ANO1 (Yu et
al., 2010) (1:1000 dilution) at 4 °C overnight and subsequent incubation with TRITC-
conjugated secondary antibody (Zhongshan Golden Bridge Biotechnology ZF-0316, 1:2000
dilution) for 1 h. Identical acquisition settings were used on all images visualized by
confocal microscope (Olympus Fluoview1000, Japan).

Data analyses

Results

Data are reported as mean + SEM. SigmasStat 3.5 software (Jandel Scientific, San Rafael,
CA) and Student’s t-tests for paired or unpaired data were used for statistical analysis. P <
0.05 was considered statistically significant.

Expression, localization, and distribution of ANO1 in mouse ventricular tissues and

myocytes

As shown in Figure 1A, only ANO1, but not ANO2, mRNA was expressed in mouse LV
(Fig. 1A). Therefore, we focused on examining the localization and distribution of ANOL1 in
left ventricular tissues and myocytes. Immunofluorescence staining demonstrated that
ANOL1 was evenly distributed in the left ventricular epicardium and endocardium (Fig. 1B).
Furthermore, immunocytochemistry clearly shows that ANO1 expresses in mVVMs and is
present in the vicinity of the plasma membrane of mVVMs (Fig. 1C,a); ANO1 was also co-
localized with a-actinin at the plasma membrane of mVM (Fig. 1C,b). The fluorescence
intensity measured by line-scanning also suggested that ANO1 was more abundant at the
plasma membrane of mVM (Fig. 1C,c).

The transient outward current is mediated by ANO1 in mVMs

All whole-cell currents were obtained using a voltage protocol as shown in the inset of
Figure 2 in the presence of BaCl, (0.5 mmol/L), 4-AP (5 mmol/L), and TEA (10 mmol/L) in
extracellular solutions to block potential K* currents including Ik1, lio.1, and Ik yr. (Yue et
al., 1997; Xu et al., 2002). A transient outward whole-cell current was detected in the mVMs
under these conditions (Fig. 2A,a). The current was significantly blocked by a non-specific
CI~ channel blocker DIDS (150 pmol/L) in a voltage-dependent manner (Figs. 2A,b and c).
Moreover, this current was significantly inhibited by extracellular application of a specific
ANOL inhibitor T16Ajn,-A01 (Millipore, 613551) (Namkung et al., 2011; Davis et al.,
2013) (Figs. 2B,b and c¢) and was also significantly inhibited by extracellular application of a
specific pore-targeting anti-ANO1 antibody (1:100 dilution; Figs. 2C,b and c¢) (Thomas-
Gatewood et al., 2011; Wu et al., 2014). In contrast, this current was not inhibited by either
the boiled specific pore-targeting anti-ANO1 antibody (1:100 dilution) or the non-pore-
targeting anti-ANO1 antibody (1:100 dilution; Figs. 2D,a—d) (Yu et al., 2010). These results
strongly suggest that this transient outward whole-cell current in the mVVMs is mediated by
ANOL1 (Iano1)-

Cl™-dependence of the ANOL1 current in mVMs

To further test whether the current was carried by CI~, the extracellular CI~ was substituted
by equimolar gluconate or SCN™. The outward current density was reduced significantly by
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replacing CI~ with gluconate™, and the reversal potential (E,ey) shifted toward positive
potentials (Fig. 3A). Substitution of CI~ with SCN™, however, resulted in a significant
increase in the magnitude of the outward current and the E,,, shifted toward negative
potential (Fig. 3B). The relative permeability ratios for Pgj,c/Pci and Pscn/Pcy were 0.11 +
0.06 and 2.34 £ 0.12, respectively. All these properties of 1ano1 are consistent with those of
CaCCs in many other cell types (Zygmunt and Gibbons, 1992; Valverde et al., 2010; Duran
and Hartzell, 2011). These results strongly support the notion that 1 ono1 in MVMs is carried
by a CI~ channel.

CaZ?*-dependent activation of the ANO1 CI~ current in mVMs

The activation of 1an01 CI™ current was significantly decreased by extracellular application
of nifedipine (5 umol/L), an L-type calcium channel blocker (Fig. 4A). The current density
was also dramatically decreased by applying extracellular caffeine (10 pmol/L) plus
intracellular BAPTA (10 pmol/L in the pipette solution to deplete cytoplasmic Ca2*) (Fig.
4B). These results suggest that activation of the ANO1 CI~ current in mVVMs is dependent
on Ca2* entry-induced increase in intracellular Ca?* concentrations.

Effects of myocardial ischemia on ANO1 CI~ current in mVMs

We hypothesized that the Ca2*-activated ANO1 CI~ current (ANO1 I¢) ca) would be
significantly amplified under conditions with [Ca2*]; overload in mVMs during ischemia
(Valverde et al., 2010). As shown in Figure 5, Ic).ca Was significantly increased in the
mVMs isolated from myocardial ischemia area (Figs. 5A,b and 5B,b) compared to that in
sham mice (Figs. 5A,a and 5B,a). These ischemia-enhanced ¢ c, was dramatically
inhibited by the specific pore-targeting anti-ANO1 antibody and T16Aj,n-A01, respectively
(Figs. 5A,c and 5B,c). Similarly, mVVMs exposed to hypoxia (3% O, for 30 min) also caused
a significant increase in lg) ca Which was also inhibited by either the specific pore-targeting
anti-ANOL antibody (Fig. 6A,c) or T16Aj,h-A01 (Fig. 6B,c). These results strongly support
that myocardial ischemia or hypoxia causes an increase in the ANO1 I ca in mVMs.

Expression profile of ANO1 in ischemic mVMs

As shown in Figure 7A, myocardial ischemia caused a significant increase in ANO1 mRNA
expression in LV tissues. Western blot analysis also showed that the abundance of ANO1 in
mVMs isolated from the ischemic region was significantly greater than in those from control
or sham group (Fig. 7B). These results suggest that the ischemia/hypoxia-induced increase
in the functional ANOL1 I¢) c, may be a result of an increased expression of ANOL.

Functional role of ANO1 I c4 in the regulation of action potential duration (APD)

Theoretically, activation of I¢| ¢, should play an important role in the phase 1 repolarization
of APD (Duan et al., 2005; Duan, 2009), as suggested for I c4 in rabbit atrial myocytes
(Wang et al., 1995) and pig ventricular myocytes (Li et al., 2003). As shown in Figure 8 the
phase 1 repolarization of APs recorded from mVMs, isolated from myocardial ischemia area
of the mice underwent the arrhythmias (Fig. 8A), is much faster than that recorded from
sham group (Figs. 8B,a and b; Table 2). In contrast, the phase 1 repolarization of APs was
significantly retarded by the specific pore-targeting ANO1 antibody (Figs. 8C,a and b; Table
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2) or the specific ANO1 inhibitor T16Aj,n-A01 (data not shown). The time constants (),
obtained by fitting the repolarization of APs from the peak of “spike” to the beginning of
“dome” using a single exponential function, also revealed that ischemia accelerated the early
phase 1 of repolarization and that the specific pore-targeting ANO1 antibody retarded early
phase 1 of repolarization (Table 3).

Discussion

The major findings of the present study include: (1) ANO1 was expressed and widely
distributed in mouse heart; (2) ANO1 was localized at the plasma membrane of the mVMs;
(3) ANOL functions as Iy ca in cardiac myocytes; (4) the ANOL ¢ cq may play a crucial
role in the phase 1 repolarization and thus the regulation of cardiac APD; (5) myocardial
ischemia caused a significant upregulation of the expression of ANO1 at both molecular and
functional levels, which may contribute significantly to ischemia-induced arrhythmias in the
mouse heart.

Molecular and functional expression of ANO1 in mouse heart and mVMs

Previous studies have suggested that both ANO1 and ANO2 of the ANO family form
endogenous CaCCs in several cell types (Schroeder et al., 2008; Manoury et al., 2010;
Romanenko et al., 2010; Dutta et al., 2011; Thomas-Gatewood et al., 2011). To date the
molecular expression of ANO1 and ANO2 and their relationships to CaCCs (or I¢|.ca) in the
heart remains unknown. Our data demonstrated that ANO1, but not ANO2, was expressed in
the plasma membrane of the mVVMs (Fig. 1). Furthermore, we found the specific ANO1
inhibitor T16A;,h-A01 significantly inhibited the whole-cell currents in the mVVMs (Fig.
2B). In addition, a specific anti-ANO1 antibody targeting at the predicted pore-forming
region (Yang et al., 2008) was also able to effectively block the whole-cell current when
delivered to the cell (Fig. 2C). These results are consistent with the inhibitory effects of the
same anti-ANO1 antibody on I ¢, in rat cerebral artery smooth muscle cells (Thomas-
Gatewood et al., 2011). It has been known that mouse and rat ANO1s are nearly identical in
amino acid sequence and are predicted to share similar genomic and phenotypic features
(Hartzell et al., 2009). Moreover, the T16Ain-A01 and specific pore-targeting anti-ANO1
antibody-sensitive whole-cell current (Iano1) can also be effectively blocked by CI™ channel
blocker DIDS (Fig. 2A). Changes in the transmembrane CI~ gradients shifted the E,., of the
IanO1. @s predicted for a typical CI™ channel. The anion selectivity data showed that the
relative permeability for SCN™ (~2.34) > CI~ > gluconate™ (~0.11). The activation of the
ANOL1 CI~ current is strongly dependent on the Ca*-entry induced Ca2* release of
intracellular CaZ* (Fig. 4). These features are compatible to that observed in other native
classical CaCCs (Zygmunt and Gibbons, 1992; Valverde et al., 2010; Duran and Hartzell,
2011). Therefore, these data together provide compelling evidence that, similar to its
function in many other tissues, ANO1 expressed in the mouse heart also functions as a
CaCC.

Properties of Ig|. ¢4 in the heart

Cardiac I ca Was first characterized by Zygmunt et al. in rabbit ventricular myocytes as a
Ca%*-dependent component of the transient outward current (l;,) (Zygmunt and Gibbons,
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1991). In order to separate it from the 4-AP-sensitive transient outward K* current (l;o7) this
Icl.ca Was termed lygp. Later, lio was also described in rabbit atrial (Zygmunt and Gibbons,
1992) and Purkinje cells (Sipido et al., 1993), canine ventricular cells (Tseng and Hoffman,
1989; Zygmunt, 1994; Collier et al., 1996), cultured embryonic chick cardiac cells (Liu and
Lieberman, 1994) and human atrial myocytes (Escande et al., 1987; Sorota, 1999; Hume et
al., 2000). One of the unique features of |y, is the kinetic behavior and the bell-shaped 1-V
relationship because activation of Iy is significantly determined by the time course of the
[CaZ*); transient (Zygmunt and Gibbons, 1991). The time-dependent activation kinetics was
abolished when [Ca2*]; was “clamped” at a constant level and the 1-V relationship became
linear when the CI~ gradient is symmetrical (Hume et al., 2000). More recently, Xu et al.
characterized an ;5 in mouse heart and found that the I-V relationship of mouse cardiac
lio2 Was not bell-shaped (Xu et al., 2002). Therefore, the biophysical features of I¢|.ca may
be species-dependent or affected by different experimental conditions.

The whole-cell ANOL1 I ¢, recorded from mVMs in this study shares many biophysical
and pharmacological features, including the blockade by DIDS, the dependence of activation
upon Ca2* influx via voltage-gated Ca?* channels and release from intracellular Ca2* stores,
the 1-V relationship, and the lack of voltage-dependent relaxation, with those of I ¢, in the
native mouse heart previously described by Xu et al (Xu et al., 2002).

Molecular property and functional role of Ic| c4 in the heart

Normally, Ic).ca Will have insignificant effects on the diastolic membrane potential, as
resting [Ca.]' is low. When [Cay.]' is substantially increased above the physiological
resting level, however, I c, carries a significant amount of transient outward current. Igj ca
will activate early during the action potential in response to an increase in [Ca2*]; associated
with Ca2*-induced Ca2* release (CICR). The time course of decline of the [Ca?*]; transient
will determine the extent to which ¢y ca contributes to early repolarization during phase 1.
In Ca2*-overloaded cardiac preparations, I¢).c, can contribute to the arrhythmogenic
transient inward current (I1}) (Zygmunt, 1994). I, produces delayed after depolarization
(DAD) and induces triggered activity, which is an important mechanism for abnormal
impulse formation (January and Fozzard, 1988). In sheep Purkinje and ventricular myocytes,
activation of I¢j c, was found to induce DAD and plateau transient repolarization (Verkerk
et al., 2000). Therefore, blockade of I¢|.c, may be potentially antiarrhythmogenic by
reducing DAD amplitude and triggered activity based on DAD. Due to the lack of
knowledge on the molecular properties of I¢|.c; and specific pharmacological tools the role
of Icyca in phase 1 repolarization and the generation of EAD and DAD of either normal or
diseased heart and the clinical relevance of I ¢, blockers remain to be determined (Verkerk
et al., 2000; Duan, 2013).

In this study we found that the phase 1 repolarization was more rapid (Tables 2 and 3) and
the “spike and dome” was deeper in mVMs isolated from ischemic area of hearts that
underwent arrhythmias compared to control. The density of I c, was substantially
amplified in the mVVMs from either ischemic region of heart or in the mVMs exposed to
hypoxia in vitro. Application of the pore-targeting ANO1 antibody leads to a significantly
retarded the phase 1 repolarization of APs (Tables 2 and 3) and results in a shallower “spike
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and dome” of phase 1 repolarization. These results are consistent with those found in swine
ventricular myocytes, where the phase 1 and “spike and dome” were abolished by DIDS (Li
et al., 2003). Xu et al. observed that niflumic acid (NFA) significantly prolonged
repolarization of APD in mVMs (Xu et al., 2002), this could be due to NFA is a non-specific
CI~ channel blocker. Although APDgq was significantly prolonged in mVMs isolated from
ischemic area, it was unlikely due to activation of ANO1 because the pore-specific anti-
ANOL did not alter APDgq (Table 2).

The reasons for an increase in I ca density under ischemic condition could be attributable
to significantly increased ANO1 expression, the [Ca2*]; overload due to excessive CaZ*
accumulation in sarcoplasmic reticulum and paralleling an increase in [Ca2*]; (Valverde et
al., 2010) and increased oxidative stress in ischemia heart tissue, because the enhanced level
of H,O, can reversibly or irreversibly activate CaCCs (Jeulin et al., 2005). The mechanism
by which ischemia induces an enhanced ANOL1 expression in ischemic heart is unknown. An
inflammatory factor, I1L-4, has shown to increase ANO1 protein expression, membrane
localization, and transepithelial secretion of CI™ in polarized epithelial cells (Dutta et al.,
2011).

In conclusion, our results provide the very first experimental evidence suggests that ANO1
confers I¢cl.ca in MVMs and plays a role in early phase of repolarization of AP. Abnormal
activation of ANO1 may contribute to ischemia-induced arrhythmias via affecting AP.

Clinical relevance

The novel findings of ANOL in the heart and the functional role of ANO1 I ¢, in the
normal and ischemic heart provide new mechanistic insights into the ischemia-induced
arrhythmias and also new therapeutic targets for the treatment of ischemia-induced
arrhythmias.
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Fig. 1.
(A) gRT-PCR revealed that ANOL1, but not ANO2 expressed in LV tissues (n = 3); (B)

Representative immunohistochemistry images demonstrate that ANO1 distributes from epi-
(the white arrow head), mid-myocardial and endocardial (the yellow arrow head) layers of
the mouse LV. (C) Representative immunofluorescence staining images suggest that ANO1
is localized on the plasma membrane of the ventricular myocytes. Ventricular myocytes
labeled with antibody against ANO1 (C,a; red), or co-labeled with antibodies raised against
ANOL1 (red) and against a-actinin (green) (C,b). Scale bars by white solid lines represent 20
um. (C,c) The constructed histograms of fluorescence intensity across the cell (where
indicated by the yellow solid line in C,b) for ANOL1 (the red solid line) and a-actinin (the
green solid line) suggest that ANOL1 is mainly localized at the plasma membrane of mVMs
(C,c).
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A. Representative whole-cell currents were recorded from control (A,a) and in the presence
of 150 pmol L™1 DIDS (A b); average 1-V relationships (A,c) were constructed as a function
of voltages from records as shown in A,a and A,b (h = 6). B. Representative whole-cell
currents were recorded under control condition (B,a) and in the presence of 30 umol L1
specific ANOL1 blocker T16Ajnn-A01 (B,b); I1-V relationships (B,c) were constructed against
voltages from records as shown in B,a and B,b. (n = 5). C. Representative whole-cell
currents were recorded under control condition (C,a) and in the presence of the specific
pore-targeting anti-ANO1 antibody in the same ventricular myocyte (C,b); I-V relationships
(C,c) were constructed as a function of voltages from records as shown in C,aand C,b (n =
5). D. Representative whole-cell currents were respectively recorded under control condition
(D,a), in the presence of the boiled specific pore-targeting anti-ANO1 antibody (D,b) and in
the presence of a non-pore-targeting anti-ANO1 antibody (D,c) ; I-V relationships (D,d)
were constructed as a function of voltages from records as shown in D,a—c (n = 5). Anti-
pore-ANO1, B-anti-pore-ANO1 and Anti-ANOL1 respectively represent specific pore-
targeting anti-ANO1 antibody, boiled specific pore-targeting anti-ANO1 antibody and non-

pore-targeting anti-ANO1 antibody.
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A. Representative whole-cell currents were recorded from control (A,a) and extracellular
CI~ substituted by equimolar gluconate™ (A, b). I-V relationships demonstrated that
replacement of CI~ with gluconate™ led to a significantly decreased density of the outward
currents and the E, shifted toward more positive potentials (A,c) (n = 5). B. Representative
whole-cell currents were recorded from control (B,a) and extracellular CI~ replaced with
equimolar SCN™ (B,b). I-V relationships showed that replacement of CI~ with SCN~
resulted in a significantly increased density of the outward currents and the E shifted
toward more negative potentials (B,c) (n = 5).
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Fig. 4.
A. The representative macroscopic currents were recorded in the absence (A,a) or in the

presence of 5 umol L1 nifedipine (A b). 1-V relationships from the records as shown in A,a
and A,b are shown in panel A,c (n = 7). B. The representative whole-cell currents were
recorded in the absence of (B,a) or in the presence of 10 pmol L™1 extracellular caffeine plus
10 mmol L™1 pipette BAPTA (B,b). Panel B,c shows the average 1-V curves from the
recordings (n = 6) as shown in B,a and B,b.

J Cell Physiol. Author manuscript; available in PMC 2015 August 07.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yeetal. Page 16

A a. sham b. 1sch  C.Antiporeanor d.
Q.
12] S
—-@-Sham
~O~Isch 8

-/~ Anti-pore-ANO1

-60 -40 -20

20 40 60
mV
10 pAlpF
50 ms
B a. sham b. isch C. TieA -A01  d.
12
—@-Sham
~O~lIsch
</\-T16A, ,-A01
g : ;?
ﬁ 00 5 20: | 80 4D B
mV

Fig. 5.
Ischemia-induced increase in I¢c|.ca in mVMs was respectively inhibited by a specific pore-

targeting anti-ANO1 antibody and T16Ajqn-A01. Ic.ca Was recorded in mVVMs respectively
isolated from sham (A,a and B,a) and myocardial ischemic groups before (A,b and B,b) or
after application of specific pore-targeting anti-ANO1 antibody and 30 pumol/L T16A;.,,-A01
(A,cand B,c). (A,d and B,d) Summarized densities of 1| c, Were plotted as a function of
membrane potentials under given conditions; I¢| c, Was significantly up-regulated by
myocardial ischemia and was dramatically inhibited by either specific pore-targeting anti-
ANO1 antibody (n = 5) or T16Ajnp-A0L (n =5).
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Fig. 6.
Representative I¢j c, Was respectively recorded in the mVMs under the normoxic (A,a and

B,a), hypoxic (A,b and B,b) conditions and in the presence of inhibitors (A,c and B,c). (A,d
and B,d) Summarized densities of Icj c, Were plotted against membrane potentials; I¢j.ca
was significantly up-regulated by hypoxia and was dramatically inhibited by a specific pore-
targeting anti-ANO1 antibody (n = 6) and T16Ajn-A0L (n = 5).
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(A) Relative mRNA abundance of ANO1 examined by qRT-PCR in LV tissues from control
(Ctrl), sham and myocardial ischemia (Isch) groups (n = 3). (B) Representative western blot
(B,a) and averaged ANOL protein densities in the isolated mVMs from control, sham, and
myocardial ischemia group (B,b) (n =5). * Indicates P < 0.05 vs. control or sham.
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A. Representative ECG recordings in mice during surgeries. Isch-a: an example of ischemia
with ventricular premature beats (VE); Isch-b: an example of ischemia with ventricular
fibrillation (VF); Isch-c: an example of ischemia with ventricular tachycardia (VT). B.
Representative APs were recorded in the mVVMs isolated from sham (the black line) and
myocardial ischemia (the red line) groups, respectively (B,a). Amplified portion of AP
(square boxes in B,a) is shown in panel B,b. C. Representative APs were recorded in the
same ventricular myocytes isolated from control mice, before (the black line) or after
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application of specific pore-targeting anti-ANO1 antibody (the red line) (C,a). C,b. The
enlarged portion indicated by square boxes in C,a.
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TABLE 1
Oligonucleotide primers for qRT-PCR in this study

Primer  Gene Accession No. Oligonucleotide Sequences (5'-3") Amplicon Size
ANO1 NM_178642 AGGACCTGGGCTACCTGCCG (sense) CACATGCCAGGGCGCATGGA (antisense) 416 bp
ANO2 NM_153589 ATGCACTTTCACGACAACCA (sense) AAGTCCTTCTCCAGCTCCAG (antisense) 263 bp
GAPDH NM_008084 CTGGAGAAACCTGCCAAGTA (sense) CTGTTGCTGTAGCCGTATTC (antisense) 224 bp

GAPDH, glyceraldehyde-3-phosphate dehydrogenase. All the primers correspond to mus musculus.
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TABLE 2
Effects of ischemia and a specific pore-targeting anti-ANO1 antibody on APD in single mVMs

APDy (ms) APDygg (ms)
Frequency (Hz) ~ Sham (n = 8) Ischemia (n = 8) Sham (n = 8) Ischemia (n = 8)
5 139202 10.9+0.2" 314+31 51.3+59"
APDy (ms) APDgy, (ms)

Frequency (Hz) Control (n=6) ANOL1 antibody (n=6) Control (n=6) ANOL1 antibody (n = 6)

5 13103 153+ 0.3€ 332+21 342+18

APD20 and APDQ( represent action potential duration to 20% and 90% of repolarization.

*
P < 0.01 vs. Sham;

€P < 0.01 vs. Control.
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TABLE 3
Effects of ischemia and a specific pore-targeting anti- ANOL1 antibody on early phase of APD in single mVMs

< (ms) T (ms)

Frequency (Hz) Sham (n=8) Ischemia(n=8) Control (n=6) ANO1 antibody (n = 6)

5 19+0.1 07 10.1* 1.8+0.1 2.910.2€

T represents the time constant of repolarization of APs from the peak of “spike” to the beginning of “dome”.
*
P <0.01 vs. Sham;

€P < 0.01 vs. Control.
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